Although extensively studied in mammals and some non-mammalian species, the molecular mechanisms of corticosteroid hormone (glucocorticoids and mineralocorticoids) action are poorly understood in reptiles. Here, we have evaluated hormone receptor-ligand interactions in the American alligator (Alligator mississippiensis), following the isolation of cDNAs encoding a glucocorticoid receptor (GR) and a mineralocorticoid receptor (MR). The full-length alligator GR (aGR) and aMR cDNAs were obtained using 5' and 3' rapid amplification cDNA ends (RACE). The deduced amino acid sequences exhibited high identity to the chicken orthologs (aGR: 83%; aMR: 90%). Using transient transfection assays of mammalian cells, both aGR and aMR proteins displayed corticosteroid-dependent activation of transcription from keto-steroid hormone responsive, murine mammary tumor virus promoters. We further compared the ligand-specifity of human, chicken, Xenopus, and zebrafish GR and MR. We found that the alligator and chicken GR/MR have very similar amino acid sequences, and this translates to very similar ligand specificity. This is the first report of the full-coding regions of a reptilian GR and MR, and the examination of their transactivation by steroid hormones.
Introduction
Steroid hormones are essential for health in all vertebrates, including reptiles, with many reported actions. These actions are mediated, at least in part, by specific receptors localized in or near the nucleus of target cells. Two distinct types of corticosteroid receptor, a glucocorticoid receptor (GR) and a mineralocorticoid receptor (MR) have been isolated in vertebrates to date. Corticosteroid hormones, the glucocorticoids and mineralocorticoids, were originally named for their distinct physiological functions in mammals.
Glucocorticoids, including cortisol and corticosterone, were identified for their role in liver glycogen deposition, whereas the mineralocorticoid, predominantly aldosterone, regulated mineral balance principally by controlling sodium retention in the kidney (Norman and Litwack, 1997).
Thornton (2001) proposed that the ancestral condition for the jawed vertebrates (Gnathostomata) was the presence of two forms of corticosteroid receptor. Both forms have been found in chondrichthyan and osteichthyan fishes, amphibians, birds and mammals. To data, however, cDNAs encoding full length GR and MR have not been reported for a reptile nor has their function been compared with other vertebrate classes. These receptors are important as they hold a basal position in the evolution of vertebrate steroid receptors (Thornton, 2001 ) and the reptilian forms would add to our understanding of the evolution and function of these receptors in phylogenetically related avian and mammalian species. A full-coding region of a reptilian (green anole, Anolis carolonensis) GR-like sequence has been registered in GenBank. However, as this sequence is predicted from genomic information (A. carolinesis chromosome 2 genomic scaffold, AnCar2.0, whole genome shotgun sequence, NW_003338615), the functional analysis of this receptor was not reported.
Here, we report the isolation of cDNA clones encoding American alligator (Alligator mississippiensis) homologs of the glucocorticoid and mineralocorticoid receptors. We analyzed their phylogenic relationship with other known vertebrate steroid receptors. The transactivation functions of GR and MR were determined by expressing these two receptors separately in transiently transfected cultured cell lines, using a general reporter gene assay.
Further, we compared the ligand-specificity of GR and MR from the alligator to other vertebrates (human, chicken, Xenopus, and zebrafish) .
Materials and Methods

Animals
All experiments in this study involving alligator were carried out under the guidelines specified by the Institutional Animal Care and use Committee at the University of Florida and National Institutes of Natural Sciences. All fieldwork was conducted under permits from the Florida Fish and Wildlife Conservation Commission and the U.S. Fish and Wildlife Service. Juvenile American alligators (A. mississippiensis) were collected by hand from airboats from the Lake Woodruff National Wildlife Refuge (NWR), Volusia County, Florida, USA. Animals were killed with a lethal dose of Nembutal, and tissues were isolated and stored at -80˚C until analysis.
Alligator eggs were collected from Lake Woodruff NWR, and transported to the University of Florida (Gainesville, FL, USA), where they were incubated in damp sphagnum moss at male-producing (33.5˚C) or female-producing (30.0˚C) temperatures. Embryonic developmental stages were determined primarily according to the criteria described by Ferguson (1985) , with some further resolution based on our previous experience working with this species (Kohno and Guillette, 2012). Embryos were dissected at stages 19, 20, 21, 23 and 24. The gonad-adrenal-mesonephric complex (GAM) was isolated under sterile conditions and stored at -80˚C until analyzed. Neonates (< 48 hours old) and one-month-old animals were killed with a lethal dose of Nembutal, and GAM tissues were isolated and stored at -80˚C in RNAlater (Ambion, Austin, TX) until analyzed. GAMs isolated from one-month-old animal, and fixed in RNAlater, were carefully dissected into three portions; the gonad, adrenal and mesonephros (Kohno et al., 2010 ).
An adult female frog (Xenopus laevis) and zebrafish (Danio rerio) were purchased from a local supplier. Animals were overdosed with MS-222 and tissues obtained by sterile necropsy.
Chemical reagents
We obtained chemicals from Sigma-Aldrich Corp.; aldosterone, deoxycorticosterone, corticosterone, cortisol, cortisone, pregnenolone, progesterone, androstenedione, 5-dihydrotestosterone, 17-estradiol, and diethylstilbestrol. All chemicals were dissolved in dimethylsulfoxide (DMSO). The concentration of DMSO in the culture medium did not exceed 0.1%.
Molecular cloning of steroid hormone receptors
For the MR, two conserved amino acid regions (FMDDKDY and QVVKWAK) of vertebrate MRs were selected and degenerate oligonucleotides were used as primers for polymerase chain reaction (PCR). As a template for PCR, the first-strand cDNA was synthesized from 2 g of total RNA isolated from the alligator liver. After amplification, an additional primer set, QSFHYRI and IVYAGYD, was used for the second PCR. For the GR, two conserved amino acid regions, QVKTEKE/D and QNWQRFY of vertebrate GRs were selected and degenerate oligonucleotides were used as primers for PCR. First-strand cDNA was synthesized from 2 g of total RNA isolated from the liver of alligator after amplification, and an additional primer set, GQMYHYD and NMLGGRQ, was used for the second PCR.
The amplified DNA fragments were subcloned with the TA-cloning plasmid pCR2.1 vector (Invitrogen, Carlsbad, CA), sequenced using a BigDye terminator Cycle Sequencing-kit (Applied Biosystems, Foster City, CA) with T7 and SP6 primers, and analyzed on an Applied Biosystems 3130 Genetic Analyzer (Applied Biosystems). The 5'-and 3'-ends of the MR and GR cDNAs were amplified by rapid amplification of the cDNA end (RACE) using a SMART RACE cDNA Amplification kit (BD Biosciences Clontech, Palo Alto, CA). All sequences generated were searched for similarity using Blastn and
Blastp on the web servers of the National Center of Biotechnology Information.
Construction of plasmid vectors
The full-coding regions of the alligator GR, human GR (accession number; 
RNA isolation and RT-PCR
Total RNA was prepared from tissues of both female and male alligators using 
Phylogenetic analysis and databases
All sequences generated were searched for similarity using PSI-Blast with 
Statistical methods
Results are presented as mean ± SEM. Comparisons between two groups were performed using Student's t-test, and all multi-group comparisons were performed by ANOVA followed by Bonferroni post hoc analyses using GraphPad Prism (version 4.0c;
GraphPad Software, Inc., San Diego, CA). P < 0.05 was considered statistically significant.
Results
Alligator GR and MR
Using standard PCR techniques, partial DNA fragments were amplified from alligator liver RNA. Two different DNA fragments were obtained showing similarity to the GR and MR, respectively. A full-length alligator GR cDNA (GenBank Accession No.
AB701407) and MR cDNA (GenBank Accession No. AB701406) were cloned using RACE.
The cDNA for alligator GR (aGR) is composed of a predicted 780 amino acids with a calculated molecular mass of 85.2 kDa, whereas the MR (aMR) is composed of a predicted 985 amino acids with a calculated molecular mass of 107.4 kDa ( The over-all homologies of the aMR with human, chicken, Xenopus or zebrafish MRs were 82, 90, 68 and 54%, respectively. When examined in greater detail, the aGR shared 76-34%, 100-97%, 70-41%, and 97-73% identities in the A/B, C, D, and E(F) domains with the other species examined, respectively (Fig. 2B) . A similar analyses for the aMR indicated 87-44%, 100-97%, 86-40%, and 98-74% identities in the A/B, C, D, and E(F) domains, respectively (Fig. 2C ). As would be predicted from previous studies using various forms of genetic information, a phylogenetic analysis indicated that the alligator corticoid receptors were more closely related to those of birds rather than those of mammals and amphibians (Fig. 3) .
The mRNA expression levels of both corticoid receptors in various tissues, from both female and male juvenile alligators, were measured by RT-PCR. Expression of aGR in the female kidney, and female and male thyroid appeared less, based on the band intensity on the gel, compared with other tissues. Similarly, expression of the aMR in female and male thyroid, and the male gonad was lower compared with other tissues. We also analyzed the expression level of these receptors in the GAM during embryonic development. Both aGR and aMR mRNAs were detected at stages 19 and 24, stages just prior to and the last stage of the thermo-sensitive period for sex determination, but using gel band intensity alone, the expression of these receptors appears to show little or no difference (Fig. 4) .
In the mouse mammary tumor virus (MMTV) promoter-based assay, the hormone-activated GR binds to a cluster of glucocorticoid response elements (GREs) No induction of the aMR was found following exposure to cortisone, but P4 weakly induced transactivation of the aMR. Neither androgens nor estrogens activated the aGR or aMR (Fig.   5 ). We found that cortisol (10 -6 M) could activate the transcription of luciferase via MMTV promoter in HEK293 cell without transfected GR, but its activities were less than 2-fold increase compared with no-hormone (data not shown). HEK293 expresses GR (Kay et al.,
2011), but we consider that inherent GR has a little effect in our assay system. We also applied a reporter gene assay using MMTV-driven reporter construct on the human hepatocellular liver carcinoma cells (HepG2). In a comparison between the HEK293 and HepG2, we could not find any difference in the ligand-specificities. It suggests that human coregulator proteins for the transactivation in HEK293 and HepG2 are available for corticoid receptor activation from different tissues. However, we still don't know that the cell lines from other species will give any differences in the ligand-specificity.
We also examined the sensitivity of each receptor to activation by different hormones and observed that all of the natural steroids tested, stimulated aGR-and aMR-induced luciferase activity in a dose-dependent manner (Fig. 6) . The EC50s for each hormone when tested with the aGR or aMR are reported in Table 1 , as are the relative potencies and efficacies. Previously, Rupprecht et al. (1993) reported that a high concentration of aldosterone was necessary for the transactivation of human GR. We analyzed the transactivation of human GR by aldosteorne and cortisol in our assay system, and EC50s of human GR for aldosterone and cortisol was 1.956 x 10 -7 M and 9.80x10 -9 M, respectively (Fig. 7A) . These results suggest that alligator GR is more sensitive to GR showed two amino acids residues (Lys617 and Asn620) of alligator GR coincide with the human MR, but not human GR (Fig. 7B) . Further study is necessary for mechanisms of aldosterone-sensitivity of alligator GR.
Ligand-sensitivity of vertebrate corticoid receptors
To analyze species-and receptor-specificity, a full-length GR or the MR from various species was cotransfected with a luciferase reporter driven by MMTV-LTR.
Transfected cells were treated with aldosterone, deoxycorticosterone, corticosterone, cortisol, cortisone, pregnenolone or progesterone. The chicken GR was activated by cortisone and pregnenolone, but these steroids did not stimulate human, Xenopus, and zebrafish GRs (Fig.   8A~8G ). Cortisol is the strong activator of zebrafish GR, however, zebrafish MR was activated by all of the steroids examined ( Fig. 8G and 8H) . Interestingly, the ligand-specificity of human, chicken and Xenopus GRs were similar to that of each species MRs (Fig. 8) . As we used a saturating dose of ligand in this reporter gene assay, the ligand-specificity indicated the transcriptional efficacy, but not the potency (Nettles and Greene, 2005). We will examine the dose-dependency of each GR an MR for analyses of ligand-dependency in detail in the near future.
Discussion
Glucocorticoids and mineralocorticoids help regulate a variety of physiological processes, including reproduction, metabolism, salt balance, inflammation, and immunity Given the diverse roles of various corticosteroids among vertebrates, it was surprising not to see more variation in receptor sequence in the DNA and ligand binding regions.
We compared the amino acid residues for ligand-binding pocket of each GRs and
MRs. MRs of five species (human, chicken, alligator, Xenopus, and zebrafish) had the same sets of the amino acid residues on the ligand-binding pocket, whereas two different amino acids in ligand-binding pocket between human GR and alligator GR were identified.
Further, only one amino acid residue of chicken GR was not identical to zebrafish GR despite the different ligand-specificity (supplemental data Figure S1 ). It suggests that the amino acid residues corresponding to ligand-binding pocket would be important for the ligand-binding, but other amino acid residues might be involved in ligand-specificity of 
